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Garlic (Allium sativum L.) is usually sterile and propagated only asexually. Hence, increase in genetic variation has been possible only via random or induced mutations (Burba, 1993) , somaclonal variation (Novak, 1990) or genetic transformation (Kondo et al., 2000) . Restoration of sexual propagation in garlic is expected to facilitate the exchange of genetic traits from one genotype to another and to improve garlic cultivars via classical breeding. In addition, seed propagation of desired genotypes will reduce the cost of virus elimination, as well as reduce the damage caused by propagule transmitted diseases and pests, cost of storage, and loss of propagules during this phase.
The discovery of fertile plants in Central Asia in the 1980s (Etoh, 1986) brought the study of garlic fl owering and seed production to the fore, and opened new avenues of research on genetics, physiology, and breeding. Garlic genotypes vary considerably in their ability to produce scapes, umbels, fertile pollen, and receptive stigmas (Etoh and Simon, 2002; Kamenetsky et al., 2003; Kamenetsky et al., 2004) , but the genetic and physiological bases of these traits are unknown.
In garlic, the transition of the apical meristem from a vegetative to a reproductive state occurs during the active growing phase (Kamenetsky and Rabinowitch, 2001) . Low temperatures promote fl oral development, and long photoperiod is essential for fl oral scape elongation (Takagi, 1990) . It is rather common in garlic that after the initial development of fl oral buds, differentiation of topsets (infl orescence bulbils) begins in the peripheral part of the apical surface and proceeds towards the center of the umbel. The growing topsets intermingle with the young fl ower buds and cause their degeneration (Kamenetsky and Rabinowitch, 2001) . The size of the topsets, their number, and their pace of development vary with genotype (Etoh, 1985 (Etoh, , 1986 Kamenetsky et al., 2003; Keller, 2002) . Fertility restoration in garlic has been attempted by many researchers (e.g., Etoh et al., 1988; Etoh and Simon, 2002; Kamenetsky et al., 2003 Kamenetsky et al., , 2004 Kononkov, 1953; Konvicka, 1984; Novak and Havranek, 1975; Pooler and Simon, 1994) , and sterility has been attributed to the presence of topsets in the infl orescence. Inaba et al. (1995) , Jenderek (1998) and Kamenetsky et al. (2003 Kamenetsky et al. ( , 2004 selected some fertile lines and obtained thousands of viable garlic seeds.
In all studied Allium species, environment plays a major role in fl orogenesis (Kamenetsky and Rabinowitch, 2002) . However, the effect of the environment on garlic and the endogenous competition between its vegetative and reproductive developmental phases are far from clear (Brewster, 1994; Etoh and Simon, 2002; Kamenetsky and Rabinowitch, 2002; Pooler and Simon, 1993; Takagi, 1990) , and more detailed study is required. Elucidation of the effects of temperature, during both storage and active growth, and of photoperiod on the various stages of fl orogenesis may solve the enigma of fl owering in garlic, and lead to the effective seed production.
The objective of this study was to determine the effects of temperature and photoperiod on the sequential morphological processes during the vegetative and reproductive development of bolting garlic.
Materials and Methods
PLANT MATERIAL. Garlic bulbs (accession #2091, introduced to Israel from Russia in 1990), were received from the Field Gene Bank for Vegetatively Propagated Short-Day Allium spp., in Rehovot, Israel. The plant is adapted to short-intermediate days, and produces intact bulbs under Israeli spring conditions, annually. The experimental material was propagated vegetatively from a single bulb to guarantee genetic uniformity of the experimental stock. Mature bulbs were harvested, cured, and stored under ambient conditions, in an open shed. Before planting, bulbs were broken manually and individual cloves were inspected for biotic infection and for bruises. Medium-size, clean, healthy looking cloves were randomly sampled, treated with 0.2% Benlate (Du Pont De Nemours, France) and 1% Marpan 50 wp (Machteshim, Israel), and planted in 1.8-L plastic pots containing a mixture of peat (RHP; Dega Potground Delft Company, Holland) and 0.8-mm volcanic tuff particles (Israel, Golan Heights) at 1:4 by volume. Experiments were performed at Bet Dagan (ARO, the Volcani Center). Standard phytotron fertilization consisted of 0.002% water diluted 'Shefer 1ʼ liquid fertilizer (N:P:K = 3:5:8 g·L -1 , Dshanim, Israel). Individual plants were drip fertigated once or twice a day at 160 mL/pot, throughout.
Short photoperiod (SP) in the phytotron consisted of 10 h daylight [300 to 600 µmol·m -2 ·s -1 PPF (photosynthetic photon fl ux)]; long photoperiod (LP) consisted of 10 h daylight, plus 10 h incandescent light [4 µmol·m -2 ·s -1 PAR]. Fig. 1) .
Maximum leaf and scape lengths at bloom, and days to spathe break were recorded. Mean daily growth rate of fl oral scapes was determined as the ratio between fi nal scape length and the number of days from the fl oral transition to the day of spathe break.
EXPERIMENT 2. Mature bulbs were harvested in July 2001. Mediumsize bulbs were sampled on 5 Sept. 2001, and stored in the dark for 60 d at 4 °C, RH 65% to 70%. Individual cloves, selected as above, were planted in the phytotron on 5 Nov., 15 to 40 plants per treatment. During their active growth, the plants were exposed to 13 thermoperiod and photoperiod treatments (Fig. 2) . Phenological data, including numbers of leaves, developmental stages of cloves, fl oral scape length, developmental stages of fl orogenesis, bulb weight, and bulb diameter, were monitored throughout growth and after harvest. z Depicted in Fig. 1 . Destructive morphological analyses were performed weekly between the sixth and twelfth week of growth, and immediately after harvest, on three to fi ve randomly selected plants per treatment. Developmental morphology was studied under a stereoscope (Zeiss Stemi 2000-C, Zeiss, Germany) and/or by scanning electron microscopy (SEM) (Kamenetsky, 1994) . Before microscopic observations, freshly harvested plants were carefully stripped of their leaves, and the spathes were removed from the developing infl orescences. Samples for SEM were fi xed in a mixture (by volume) of 5 glacial acetic acid : 5 formalin (40%) : 90 ethanol (70%) and were dehydrated in a graded acetone series (35%, 70%, 90%, 100%) and freon. Immediately thereafter, tissues were dried using liquid CO 2 in a Biorad 750 (England) critical-point dryer. Samples were then mounted on SEM stubs with double-sided tape, sputter-coated with ≈10 nm of gold and studied in a scanning electron microscope (JSM-35C; JEOL, Japan) with an accelerating potential of 15 kV. STATISTICAL ANALYSIS. When required, two-way analysis of variance (ANOVA) was applied using the general linear model (GLM) procedure available on the SAS sofware package.
Results

Effects of storage and growth conditions on vegetative traits LEAF ELONGATION.
Plants from storage at -2, 2, 4, and 9 °C had longer foliage leaves than those from 20 °C ( Table 2 ). Lower growth temperatures had, in most cases, promoted leaf elongation. Plants grown in the net-house had signifi cantly shorter leaves than those in the phytotron. Photoperiod in the second phase of the growth period had a marked effect on leaf size. In the phytotron, plants at LP had ≈15% to 25% longer leaves than those at SP (Table 2) . In a second experiment, storage at 4 °C for 60 d resulted in a typical leaf elongation of 70 to 100 cm, under all phytotron conditions. Long photoperiod had no promoting effect, but under the same photoperiod, plants in warmer phytotron conditions (23/15 °C) produced shorter leaves (data not shown).
DEVELOPMENT AND DORMANCY OF LATERAL BUDS. Morphological analysis revealed two whorls of lateral bud initials in the axils of the two youngest foliage leaves, under all environmental regimes in our study. Further clove development and dormancy induction, however, were affected by thermo-and photoperiod treatments throughout the entire phase of active plant growth.
Uninterrupted LP conditions throughout the experiment resulted in an early clove differentiation in the axils of the sixth and seventh leaves. Only six or seven lateral buds per plant were developed under these conditions, and temperature had no effect. Bud growth was rapid, and the cloves became dormant after 60 d of development. Consequently, bulbs from LP were ready to harvest at 112 d after planting, and fresh weight they accumulated was the lowest compared with plants from other environmental treatments (Table 3) . Under SP conditions, initiation of 8 to 10 lateral buds was observed at the axils of the 10th and 11th leaves. Following initiation, a transfer from SP to LP enhanced growth of lateral buds, and bulb ripening was evident 150 to 160 d after planting (Table 3 , Fig. 3a) .
Under an uninterrupted SP regime, the differentiated axillary buds sprouted and developed into long and slender leaves, between the youngest green foliage leaves. In general, plants did not enter dormancy, except for those in the warm regime of 23/15 °C where ≈20% of the bulbs became dormant. The other plants under warm and cooler conditions maintained their axillary leaves green till the end of the experiment (Fig. 3b) . Bulbing was slow, and large bulbs with nondormant cloves were harvested from the 23/15 and 20/12 °C regimes after 156 and 184 d from planting, respectively, under SP (Table 3) . A similar phenomenon was recorded for ≈60% of the plants at 20/12 °C when the short photoperiod regime was interrupted by 1 week of LP.
Interruption of the short photoperiod regime by 14 to 28 d of LP was suffi cient for dormancy induction of the lateral buds, regardless of the temperature regime. The date of bulb maturation, however, was temperature dependent. Thus, at 20/12 °C maturation occurred one month later than at higher temperatures. Consequently, harvest was delayed and bulbs grown at lower temperatures were usually heavier under all photoperiods than those grown at higher temperatures (Table 3) .
Effects of storage and growth conditions on reproductive traits
TRANSITION FROM VEGETATIVE TO REPRODUCTIVE STATE. The transition of the apical meristem from the vegetative to the reproductive state occurred in all growing plants (Tables 3 and 4 ). The physiological age at which the plants underwent this major change was signifi cantly affected by their storage treatment and growth conditions. In the fi rst experiment, storage at temperatures <20˚C resulted in a fl oral transition after the differentiation of six to eight leaves, while storage at 20 °C resulted in a fl oral transition after the differentiation 11 to 14 leaves (Table 4 , Fig. 4a and b) .
In the second experiment, following preplanting storage at 4°C, the earliest meristem transition from the vegetative to the reproductive state occurred after formation of seven or eight leaves under long photoperiod. This change was already visible 40 d after planting. Under SP and 20/12 °C, the transition was fi rst observed in plants with 11 to 13 leaves at 50 to 55 d (Table 3) . SCAPE ELONGATION. In the fi rst experiment, signifi cant effects of storage and growth conditions were evident on both daily growth rate of the fl oral scape and the date of the spathe break (Table 4 , Fig. 5 ). Storage at either -2 or 20 °C resulted in the lowest rate of scape elongation, and the latest spathe break, whereas fastest growth rates were recorded in plants from cold storage and the cooler phytotron environment (Fig. 5) .
The combined effect of storage at 20 °C and warmer phytotron temperatures or ambient spring temperatures in the net house, was insuffi cient for induction of scape elongation. The process was also arrested under SP in plants pretreated in storage at -2, 9, or 20 °C, while plants under SP from storage at 2 or 4 °C, developed only short scapes 18 to 20 cm long. Under net-house conditions, bolting plants always reached spathe break later than the corresponding plants in the phytotron. Long photoperiod and warmer phytotron conditions resulted in shorter scapes and earlier spathe break than occurred in the corresponding plants in the cooler environment. In the second experiment, morphodevelopmental studies reconfi rmed the strong environmental effect on scape elongation. Following fl oral initiation and transfer from SP to LP, fi nal scape length was markedly affected by temperature, and reached 80 and 55 cm under cooler and warmer phytotron conditions, respectively (Table 3) .
Under continuous LP, scape elongation began immediately after the initiation of the fl oral meristem, and continued rapidly, in tandem with fl ower differentiation. However, scape elongation was evident only in <20% of the experimental population. In the responsive plants, scapes were short, and spathe break occurred at 99 d after planting (Table 3 , treatment 5). Under continuous SP, scape elongation was slow, and high temperature further inhibited its development (Table 3 , treatments 2 and 4).
When the SP regime was interrupted with 1 week of LP, scape elongation was slightly inhibited, and at higher temperatures the infl orescence was aborted (Table 3 , treatments 6 and 10). Two to 4 weeks of interruption of SP with LP result in normal scape elongation both at low and high temperatures. High temperatures reduced the percentage of bolting plants under all photoperiod conditions (Table 3) .
INFLORESCENCE DIFFERENTIATION AND COMPLE-TION OF FLORAL DEVELOPMENT.
In the initial stages of infl orescence development, the apical meristem subdivides to form several swellings, each of which gives rise to a number of individual fl oral primordia (Fig. 4c) . This is followed by increases in both the size of the developing infl orescence and the number of fl oral primordia. The differentiation of individual fl owers begins when the developing infl orescence reaches a diameter of ≈2 to 3 mm. This process occurs in the oldest fl oral buds, while younger ones still emerge as undifferentiated meristematic domes (Fig. 4d) .
Following flower differentiation, new undifferentiated domes become visible at the periphery of the infl orescence, and these quickly differentiate and grow to form topsets (Fig. 4e) . Under our experimental conditions, the photoperiod I regime prevailing during scape elongation signifi cantly affected the development of these vegetative buds in the infl orescence. When SP was followed by LP, and under uninterrupted LP conditions, both fl owers and topsets developed in the infl orescence, and the fi nal infl orescence diameter reached 4 cm. The fully differentiated fl ower buds were physically squeezed by the rapidly growing topsets, and degenerated and dried out before anthesis (Figs. 4a and b) .
Under continuous SP, abortion of the differentiated infl orescence occurred early in the development, when the arrested scapes were still enveloped by the leaf sheaths inside the false stem.
At 20/12 °C and SP, an interruption by 1 week of LP resulted in normal fl ower differentiation with the formation of only a few vegetative buds in the umbel, and full anthesis occurred after spathe break ( Fig. 6c and d) . At 23/15 °C, a 1-week interruption of SP by LP resulted in a large-scale abortion of young fl oral buds during the early stages of differentiation; the infl orescence dried out long before spathe break and anthesis (Fig. 4f) .
At either low or high temperatures, the effect of LP interruption on plants at SP was directly related to the length of the treatment. The longer the LP period, the larger was the diameter of the infl orescences, thus reaching 1.5, 2.7, or 2.9 cm, at 2, 3, or 4 weeks of LP exposure, respectively. The number of topsets increased progressively with duration of the LP, concurrently with infl orescence size, with the consequent squeezing and strangulating of the fl oral buds. In plants exposed to only 2 or 3 weeks of LP, the vegetative meristems mostly formed slender leaves instead of topsets ( Fig.  6e and f) , whereas 4 weeks of LP interruption resulted in a mixed population of dormant and nondormant topsets.
Discussion
For many years, research on garlic focused on vegetative development (e.g., Brewster, 1994; Burba, 1993; Messiaen et al., 1993; Takagi, 1990) . The recent discovery of fertile plants (Etoh, 1986; Etoh and Simon, 2002; Kamenetsky et al., 2003 Kamenetsky et al., , 2004 Kotlinska et al., 1991) and the results of the consequent research on garlic fl orogenesis (Etoh and Simon, 2002; Kamenetsky and Rabinowitch, 2001; Takagi, 1990 ) facilitated the study of the environmental regulation of the interactive relationships between the developing vegetative and reproductive organs.
As in many geophytes (Le Nard and De Hertogh, 1993), we identifi ed four distinct phases in garlic fl orogenesis: 1) transition, 2) scape elongation, 3) infl orescence differentiation, and 4) completion of fl oral development to anthesis.
In all growing plants of accession #2091, foliage leaf and lateral bud formation were followed by a complete transition of the apical meristem from the vegetative to the reproductive state under a variety of storage and growth conditions. We conclude that as in other geophytes (e.g., Hippeastrum: Hartsema, 1961; Okubo, 1993; A. afl atunense: Zemah, 2001 ) and in Arabidopsis (Michaels and Amasino, 2000; Reeves and Coupland, 2000) , meristem transition in garlic accession #2091 is autonomous, and that the environment has only a quantitative effect. In Arabidopsis, it was proposed that autonomous transition serves as an alternative to the major route of fl oral initiation, which is regulated by low temperatures or LP (Reeves and Coupland, 2000) .
In garlic, as in many other Allium species (Kamenetsky and Rabinowitch, 2002; Yamasaki et al., 2000) , low temperatures promoted fl oral transition. However, unlike the qualitative (absolute) requirement described for a number of Japanese varieties (Takagi, 1990) , low temperatures had only a quantitative effect in garlic accession #2091, and storage at 20 °C resulted in shorter leaves, delayed fl oral transition, and slower scape elongation than in plants from cold storage. In addition to the thermoperiod effects, the numbers of leaves and leaf primordia before fl oral transition were signifi cantly smaller in plants initially exposed to LP than in those initially exposed to SP.
In Allium species the completion of scape elongation is essential for a successful bloom. The process strongly depends on storage and growth temperatures, and photoperiod is markedly involved (Kamenetsky and Rabinowitch, 2002) . For instance, growth temperatures of 17 to 20 °C combined with long photoperiod enhanced scape elongation in onion, shallot, and other Allium species, while higher temperatures of 25 to 30 °C suppressed the emergence of infl orescences that were already initiated (De Hertogh and Zimmer, 1993; Krontal et al., 2000; Maeda et al., 1994; Rabinowitch, 1990) . In garlic, cold storage promotes scape elongation, the optimum for #2091 ranged between 2 and 4 °C and LP promoted bulb formation, dormancy, and scape elongation.
In #2091, normal scape elongation was obtained only following an exposure to a sequential photoperiod treatment of SP, following by LP conditions. Similarly, in Japanese bunching onion, early LP treatment may inhibit fl owering, but at a later stage, when the infl orescence reaches a certain stage of development, LP promotes scape elongation (Yamasaki et al., 2000) .
In our experiments, LP is both obligatory and quantitative for the vegetative and reproductive processes. Under continuous SP, scapes remained inside the false stem, and LP interruption was required for elongation beyond the leaf sheaths. Under exclusively LP conditions, scape elongation was fast, but, nevertheless, only a few plants reached maximum infl orescence size and spathe-break, probably because of internal competition for assimilates between the developing bulb and infl orescence (Rosen and Tong, 2001; van Kampen, 1970) .
As in bulb onion, bulb development in garlic is followed by dormancy induction. Both processes are regulated by endogenous hormonal balance (Isenberg et al., 1974) as well as by internal competition for assimilates between the reproductive and the vegetative (storage) organs (bulb onion: Abdalla and Mann, 1963; Brewster, 1990 Brewster, , 1994 van Kampen, 1970; garlic: Rosen and Tong, 2001; Takagi 1990 ). Increasing day length and temperature cause in bulb onion withering and death of the young scape (Roberts and Struckmeyer, 1951; van Kampen, 1970) , or the partially formed infl orescence reverts to a vegetative type of growth, and sometimes produces topsets (Roberts and Struckmeyer, 1951) .
In agreement with previous fi ndings (Messiaen et al., 1993; Takagi, 1990) , our experiments showed that the induction of dormancy in lateral cloves required >2 weeks exposure to LP, whereas a regime of cold conditions and SP resulted in sprouting and growth of the axillary buds, and lack of dormancy. An optimal infl orescence development, with viable fl owers and without topsets was observed in garlic plants exposed to SP, with only one week interruption of LP. This short exposure to LP triggers scape elongation in post-transitional plants and permits the further development of the infl orescence and the completion of fl orogenesis with minimum competition by the development of storage organs. Indeed, a longer period of LP interruption promotes diversion from the generative pathway towards a vegetative route, bulb formation, and dormancy initiation.
In garlic, the preference for topsets over fl ower production in the infl orescence is not clear. In a recent review, Etoh and Simon (2002) stated that the primitive forms of garlic originally produced umbels with mixed populations of fl owers and topsets. Roberts and Struckmeyer (1951) suggested that in bulb onion, topset development is promoted by environmental conditions that are conducive to bulbing. In the studied garlic infl orescence, differentiation of topsets follows fl ower formation and is dominated by photoperiod. Under SP conditions (including 1 week interruption by LP for scape elongation), the developing infl orescence of #2091 contained fl owers only, each of which reached full anthesis. A 2-to 3-week interruption by LP, however, was adequate to induce vegetative differentiation in the umbel and yet too short to induce dormancy of the developing topsets. Nevertheless, this treatment was suffi cient to induce dormancy in the cloves, thus indicating a differential hormonal balance or requirements in the basal and apical vegetative sets.
Ten millennia of selection for an increased proportion of resources in the bulbs, and for earliness, resulted in suppression of fl orogenesis in garlic (Etoh and Simon, 2002) . We further speculate that this selection pressure led to both earliness and dormancy induction, enhanced translocation towards the growing cloves, and a specifi c endogenous hormonal balance that favors the production of storage organs. Under marginal conditions for bulbing, the two processes-fl oral development and bulbing-occur simultaneously, but the differentiating apical meristem is affected by the hormonal makeup, which favors storage organs and therefore forms topsets. The similarity of photoperiod effects on the formation and dormancy of cloves and of topsets (Fig. 7) further supports this hypothesis. However, basic hormonal studies are required.
We conclude that in bolting garlic, sophisticated manipulation of the environment, both before and after planting, can lead to the development of viable fl owers in a topset-free umbel. However, normal fl owering cannot be achieved if any of the four developmental stages of fl orogenesis is retarded or proceeds in the wrong direction (Fig. 7) .
We have shown that environmental conditions, especially temperature and photoperiod, strongly affect garlic morphology and development, including leaf elongation, clove formation, and dormancy induction, and that the environmental regulatory effect is obligatory and yet quantitative. This is true also for each of the post-transitional stages of fl orogenesis. In addition to their immediate effects, environmental factors also have long-term effects on each of the stages of fl oral development (Fig. 7) . With the exception of the apex fl oral transition (which may occur autonomously), environmental conditions during both storage and growth affect the progress and direction of further development into either the reproductive or the vegetative pathway, as is common in many other geophytes (Le Nard and De Hertogh, 1993) .
Normal fl owering in garlic is achieved in plants exposed to a specifi c sequence of environmental effects, thus indicating that the genome of #2091 contains all the genes necessary for fl owering, and that the process is controlled by a cascade of genetic factors coding for the different phases and differentially regulated by day length and temperature. Hence, an intimate knowledge of the complicated interactions between the genes and the environment should facilitate fertility restoration in garlic genotypes, which contain the complete set of genetic factors for fl owering and seed production (Kamenetsky et al., 2003 (Kamenetsky et al., , 2004 
